Simian hemorrhagic fever virus (SHFV) causes a severe and almost uniformly fatal viral hemorrhagic fever in Asian macaques but is thought to be nonpathogenic for humans. To date, the SHFV life cycle is almost completely uncharacterized on the molecular level. Here, we describe the first steps of the SHFV life cycle. Our experiments indicate that SHFV enters target cells by lowpH-dependent endocytosis. Dynamin inhibitors, chlorpromazine, methyl-␤-cyclodextrin, chloroquine, and concanamycin A dramatically reduced SHFV entry efficiency, whereas the macropinocytosis inhibitors EIPA, blebbistatin, and wortmannin and the caveolin-mediated endocytosis inhibitors nystatin and filipin III had no effect. 
S
imian hemorrhagic fever virus (SHFV) is currently classified together with equine arteritis virus (EAV), lactate dehydrogenase-elevating virus (LDV), and porcine reproductive and respiratory syndrome virus (PRRSV) in the genus Arterivirus, family Arteriviridae, in the order Nidovirales (1) . The four arteriviruses are serologically distinct and cause remarkably different diseases in phylogenetically distant hosts. SHFV and SHFV-like viruses infect various African nonhuman primates without causing overt disease (2) (3) (4) (5) . In Asian macaques, however, SHFV causes a viral hemorrhagic fever that is nearly 100% lethal (6, 7) .
Arterivirions are spherical to pleomorphic (40 to 55 nm in diameter) and enveloped and contain small surface protrusions (8) . Like all arteriviruses, SHFV has a nonsegmented, linear, single-stranded RNA genome of positive polarity. The genome is polycistronic, capped at its 5= end and polyadenylated at its 3= end, and serves partially as an mRNA (9) (10) (11) (12) . Starting at the 5= end, arterivirus genomes contain two plus-sense large open reading frames (ORFs 1a and 1b) that are directly translated into polyproteins pp1a and pp1ab. These polyproteins are autocatalytically cleaved into Ͼ12 nonstructural proteins that form the viral replicase complex that is also necessary for the synthesis of mRNA transcripts of the remaining, nested set of ORFs (reviewed in references 1 and 13). Similar to those of most nidoviruses, all SHFV mRNAs are 5= and 3= coterminal in sequence with the viral genome and are produced by discontinuous RNA transcription (12) . These subgenomic mRNAs encode at least eight structural proteins that are essential for virion infectivity and appear to have functional analogs in particles of other arteriviruses (E, GP2 to -5, GP5a, M, and N) (reviewed in references 1 and 13). SHFV and SHFV-like viruses differ from EAV, LDV, and PRRSV by having four additional ORFs that may have emerged by duplication of existing ORFs coding for structural proteins (13, 14) .
The molecular aspects of the SHFV life cycle have been understudied, but the more extensively characterized life cycles of the arteriviruses EAV and PRRSV are informative by analogy. SHFV N is an obvious homolog of the EAV and PRRSV nucleoprotein, which encapsidates the viral genome (12) . The two major SHFV envelope proteins are the glycoprotein GP5 and the matrix protein M, which form heterodimers on the virion surface and contain the major neutralization epitopes (12, 15, 16) . E is a myristoylated small integral envelope protein that may have ion channel properties and may facilitate virion uncoating (17) . GP2, GP3, and GP4 are minor envelope glycoproteins that most likely form heterotrimers (18) (19) (20) . E seems to be essential for insertion of this heterotrimer into the virion envelope (21) . The functions of the recently discovered GP5a (20) and of the expression products of the additional ORFs found in SHFV and SHFV-like viruses remain to be determined.
GP2, GP3, GP4, and GP5 are suspected to engage the respective host cell surface receptor of each arterivirus. Because of the lack of structural similarities of these proteins to known class I to III fusion proteins (reviewed in reference 22) , prediction of their exact functions is difficult. Host cell surface receptors have not been identified for any arterivirus, with the possible exception of PRRSV. Two cell surface factors, the macrophage-restricted sialoadhesin CD169/Sn/Siglec-1 and the more generally distributed CD163, have been implicated as possible receptors for PRRSV (23, 24) , and PRRSV GP2 and GP4 interact with CD163 (25) .
Only a few studies have attempted to elucidate the mechanism(s) by which arteriviruses gain entry into their host cells. In the cases of EAV and PRRSV, clathrin-mediated endocytosis (CME) seems to be the predominant route of cell entry (26) (27) (28) (29) . Here, we characterize the cell entry pathway of SHFV in the only SHFV-susceptible immortalized cell type, MA-104. Using transmission electron microscopy, chemical inhibitors, and antibody inhibition, we demonstrate that SHFV enters MA-104 cells via CD163-dependent low-pH endocytosis.
MATERIALS AND METHODS
Viruses and cells. The SHFV prototype isolate LVR42-0/M6941 and PRRSV strain ISU-P were obtained from the American Type Culture Collection (ATCC) in Manassas, VA (VR-533 and VR-2402, respectively). SHFV and PRRSV stocks were prepared using the ATCC-recommended embryonic grivet monkey kidney cell line MA-104 (ATCC number CCL-2378), the only immortalized cell type known to support SHFV replication. All other cell lines reported to support SHFV replication, such as MARC-145, B-SC-1, and CL2621, are direct subclones of MA-104 cells. MA-104 cells and the subclone MARC-145 (provided by Kay Faaberg, U.S. Department of Agriculture, National Animal Disease Center, Ames, IA) were maintained in ATCC-recommended medium, Eagle's minimal essential medium (EMEM) (Lonza, Walkersville, MD) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (SAFC Biosciences, Lenexa, KS), at 37°C in a humidified 5% CO 2 atmosphere. The virus cultures obtained from the ATCC were designated passage 1 (p1). Confluent MA-104 cells were exposed to p1 viruses until the virus-induced cytopathic effect (CPE) affected 70 to 80% of the culture. The cells were lysed by two cycles of freeze-thawing, and the medium was clarified of debris by centrifugation (crude p2). Confluent MA-104 cells were exposed to p2 viruses at a multiplicity of infection (MOI) of 0.01 and observed until the CPE reached 70 to 80%. The cell supernatant was clarified of debris by centrifugation, and the virus was pelleted by ultracentrifugation (p3). The p3 virus and MA-104 cells were used for all the experiments described.
Recombinant vaccinia virus VV.NP-S-EGFP (VACV-eGFP) was kindly provided by Jonathan W. Yewdell (National Institutes of Health, Bethesda, MD). VACV-eGFP contains a chimeric gene encoding the influenza A virus nucleoprotein, the ovalbumin SIINFEKL peptide, and enhanced green fluorescent protein (eGFP) regulated by the P7.5 earlylate promoter. VACV-eGFP stocks were prepared in BS-C-1 cells (ATCC number CCL-26) at an MOI of 0.01, as previously described (30) .
Rift Valley fever virus strain ZH-548 MP12 (RVFV) stocks were prepared in Vero E6 cells (ATCC number CRL-1587) at an MOI of 0.01, as previously described (31) .
Middle East respiratory syndrome coronavirus isolate HCoV-EMC/ 2012 (MERS-CoV) was kindly provided by the Erasmus Medical Center, Rotterdam, The Netherlands, and propagated on Vero E6 cells at an MOI of 0.01, as previously described (32) .
SHFV infections and control virus infections. Inoculation of MA-104 cells with SHFV (or the control virus MERS-CoV, RVFV, or VACVeGFP) was performed uniformly across assays unless otherwise specified. First, the cell media were removed, and the cells were washed once with EMEM without FBS. The cells were then exposed to SHFV particles at the indicated MOIs and temperatures in a humidified 5% CO 2 atmosphere for 1 h under gentle rocking every 15 min. The viral inocula were then removed, and the cells were washed once with EMEM without FBS and then incubated at 37°C in a humidified 5% CO 2 atmosphere for the indicated times in EMEM (2% FBS). SHFV quantification. SHFV particle titers were quantified by plaque assay. Briefly, confluent layers of MA-104 cells in 6-well plates were exposed 24 h after seeding to serial dilutions of SHFV and incubated at 37°C for 1 h under gentle rocking every 15 min. The inocula were removed, and a 1% agarose overlay (ThermoFisher Scientific, Waltham, MA) was added. The infected cells were then incubated at 37°C for 48 h and stained with 5% neutral red (Sigma-Aldrich, St. Louis, MO). After incubating the cells at 37°C overnight, plaques were enumerated manually.
VACV-eGFP quantification. Cells were infected with VACV-eGFP at an MOI of 1. The cells were washed two times with phosphate-buffered saline (PBS) and then grown in EMEM (2% FBS). At 6 h postinoculation, the cells were detached using trypsin and fixed with 4% paraformaldehyde (PFA) (Electron Microscopy Sciences, Hatfield, PA). The percentage of eGFP-positive cells (the percentage of cells infected) was measured by flow cytometry (BD LSR Fortessa; BD, San Jose, CA). Data analysis was performed using FlowJo software (Tree Star, Inc., San Carlos, CA).
MERS-CoV quantification. Confluent monolayers of Vero E6 cells in 6-well plates were exposed to serial dilutions of MERS-CoV and incubated at 37°C for 1 h under gentle rocking every 15 min. The inocula were removed, and a 0.8% tragacanth overlay (Sigma-Aldrich) was added. The infected cells were incubated at 37°C for 72 h. The tragacanth overlay was removed and stained with 2% crystal violet (Sigma-Aldrich) in 10% neutral buffered formalin (Fisher Scientific, Kalamazoo, MI). Plaques were enumerated manually.
RVFV quantification. At 16 h postinfection, RVFV-infected MA-104 cells were fixed with 4% PFA and then stained with anti-RVFV Gn 4D4 monoclonal antibody (MAb) obtained from the United States Army Medical Research Institute of Infectious Diseases (USAMRIID), Fort Detrick, Frederick, MD, at a 1:1,000 dilution for 2 h at 37°C, followed by staining with Alexa Fluor 488-conjugated goat anti-mouse IgG antibody (Life Technologies, Grand Island, NY). The Operetta high-content imaging system (PerkinElmer, Shelton, CT) was used for quantitative imaging analysis with Harmony 3.1 analysis software (PerkinElmer).
Transmission electron microscopy. Confluent MA-104 cells were exposed to SHFV particles (as described above) at an MOI of 50 for 1 h at 4°C to permit virion adsorption to cell surfaces. The inocula were removed, and the cells were incubated at 37°C for 0, 5, 10, 20, or 40 min. The media were removed, and electron microscopy grade fixative, 2.5% glutaraldehyde (Electron Microscopy Sciences) in Millonig's sodium phos-phate buffer (Tousimis Research, Rockville, MD), was added directly to the flasks. The cells were scraped off 10 min later with a cell scraper, collected into 15-ml tubes, and immediately centrifuged at 500 ϫ g for 20 min. The fixed cells were kept for 24 h at 4°C to complete fixation. The preserved cells were postfixed in 1% osmium tetroxide (Electron Microscopy Sciences), stained en bloc with 2% uranyl acetate, dehydrated in a graded ethanol series, and infiltrated and embedded in Spurr plastic resin (Electron Microscopy Sciences). The embedded blocks were sectioned using a Leica EM UC7 ultramicrotome (Leica Microsystems, Buffalo Grove, IL), and 60-to 80-nm ultrathin sections were collected, mounted on 200-mesh copper grids, and contrasted with lead citrate. The grids were then examined and imaged using an FEI G2 Tecnai transmission electron microscope (FEI, Hillsboro, OR) operating at 80 kV.
Inhibitor studies. Ammonium chloride (NH 4 Cl), blebbistatin, chloroquine, CA-074, chlorpromazine, ␣-chymotrypsin, concanamycin A, cytochalasin B, cytochalasin D, dynasore, E-64d, 5-(N-ethyl-N-isopropyl) amiloride (EIPA), filipin III, FYdmk, latrunculin B, methyl-␤-cyclodextrin, monensin, nystatin, phenylarsine oxide, phospholipase A2, papain, phospholipase D, proteinase K, trypsin, and wortmannin were obtained from Sigma-Aldrich. Dyngo-4a was synthesized in house (Adam McCluskey).
Confluent cells were exposed to the indicated concentrations of inhibitors in medium for 30 min (ammonium chloride, blebbistatin, chloroquine, chlorpromazine, concanamycin A, cytochalasin B, cytochalasin D, dynasore, Dyngo-4a, EIPA, filipin III, latrunculin B, monensin, nystatin, phenylarsine oxide, and wortmannin), 1 h (␣-chymotrypsin, methyl-␤-cyclodextrin, papain, phospholipase A2, phospholipase D, proteinase K, and trypsin), or 4 h (CA-074, E-64d, and FYdmk). The media containing inhibitors were removed, and the cells were washed twice with EMEM (10% FBS) (methyl-␤-cyclodextrin, phospholipase A2, phospholipase D, trypsin, proteinase K, papain, and ␣-chymotrypsin) to remove enzyme activity. Alternatively, virus was directly added to inhibitor-containing media (ammonium chloride, CA-074, chloroquine, concanamycin A, blebbistatin, chlorpromazine, cytochalasin B, cytochalasin D, dynasore, Dyngo-4a, E-64d, EIPA, filipin III, FYdmk, latrunculin B, monensin, nystatin, phenylarsine oxide, and wortmannin). The cells were then exposed to SHFV for 1 h at an MOI of 5, followed by plaque assay quantification 18 h later.
For time-of-addition experiments, MA-104 cells were placed on ice and exposed to SHFV at an MOI of 5 for 1 h to allow virion adsorption. Unbound virions were washed off, 50 l of EMEM was added, and the plates were moved to 37°C. Zero, 5, 10, 15, 30, 45, 60, 75, 90, 105, or 120 min later, 50 l of EMEM with 300 M chloroquine (final concentration, 150 M) or 30 M Dyngo-4a (final concentration, 15 M) were added to the plates, and incubation at 37°C was continued until a total time span of 3 h was reached. Then, the inhibitor mixture was removed, the cells were washed, EMEM (2% FBS) was added, and the cells were incubated for 18 h before virus production was measured in supernatants using the plaque assay.
The cytotoxicity of inhibitors was assessed using the Cell Counting Kit-8 (Dojindo Molecular Technologies, Rockville, MD), according to the instructions of the manufacturer, on uninfected cells in parallel with infection assays.
Dynamin mutant transfection. Plasmids encoding dynamin-green fluorescent protein (GFP) (pEGFP-Dynamin1-WT) and the dominantnegative mutant dynamin-K44A-GFP (pEGFP-Dynamin1-K44A) were kindly provided by Robert A. Davey (Texas Biomedical Research Institute, San Antonio, TX). MA-104 cells were transfected with plasmids using Lipofectamine 3000 (Life Technologies) according to the manufacturer's instructions. Forty-eight hours after transfection, the cells were detached with Accumax (Innovative Cell Technologies, San Diego, CA), and GFP-expressing cells were sorted using a BD FACS Aria II cell sorter (BD Biosciences, San Jose, CA) and reseeded. After recovery, the sorted GFP-expressing cells were infected with SHFV at an MOI of 1. The cell culture supernatants were harvested 20 h postinoculation, and virus titers were measured by plaque assay.
Clathrin heavy chain knockout experiments. CRISPR (clustered regularly interspaced short palindromic repeats)/Cas9 technology was used to knock out clathrin heavy chain (CLTC-HC). CLTC-HC genes from members of different primate species were aligned to choose conserved regions. The DNA2.0 CRISPR gRNA Design Tool (DNA 2.0, Menlo Park, CA) was used to design guide RNAs (gRNAs CBh-Cas9N-2A-GFP, Cas9-ElecD) by DNA2.0, resulting in plasmids pgRNA-CLTC-84 and pgRNA-CLTC-85 and three pgRNA-CLTC-86 plasmids. MA-104 cells were transfected with these plasmids using Lipofectamine 3000 and dissociated with Accumax 48 h later. The GFP-expressing cells were sorted using a BD FACS Aria II cell sorter, split into two sets, and reseeded. After recovery, the first set of cells was washed with PBS and lysed in cell lysis buffer (Cell Signaling, Danvers, MA) according to the manufacturer's instructions.
Protein concentrations were determined using a bicinchoninic acid (BCA) protein assay kit (Pierce Biotechnology, Rockford, IL) according to the manufacturer's instructions. Equivalent amounts of total cellular lysates were resolved in 4% to 12% Bis-Tris gradient gels (Life Technologies) and then dry transferred to polyvinylidene difluoride (PVDF) membranes (Life Technologies) by using the iBlot gel transfer system (Life Technologies). After blocking in 5% nonfat milk powder in PBS with 0.1% Tween (Sigma-Aldrich), the membranes were incubated overnight with goat anti-clathrin HC antibody (1:500; SICGEN, Cantanhede, Portugal) or anti ␤-actin antibody (1:500; Abcam, Cambridge, MA), followed by incubation with appropriate horseradish peroxidase-conjugated secondary antibodies (Sigma-Aldrich). Signals were detected with a SuperSignal West Femto chemiluminescent substrate (Pierce), and images were acquired using a Syngene G:Box Chemiluminescence imaging system (Syngene, Frederick, MD). The second set of sorted GFP-expressing cells were infected with SHFV at an MOI of 1. The cell culture supernatants were harvested 20 h postinoculation, and virus titers were measured by plaque assay.
Actin staining. MA-104 cells were treated with inhibitors at 37°C for 1 h and then washed twice with warm PBS (Gibco, Carlsbad, CA). The cells were then fixed with 4% PFA and permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) in PBS. The cells were stained with Alexa 594-phalloidin (Life Technologies) for 20 min at room temperature and again washed twice with PBS, mounted, and viewed.
CD163 antibody inhibition assay. MA-104 or MARC-145 cells were incubated with different concentrations (40, 20, 10, 5, 2.5, and 0 g/ml) of goat anti-human CD163 antibody (R&D Systems, Minneapolis, MN) or control goat IgG at 37°C for 1 h. The treated cells were infected with SHFV or PRRSV at an MOI of 5 at 37°C for 1 h in the presence of antibodies. The virus-antibody inocula were then removed, the cells were washed, and EMEM (2% FBS) was added. The supernatants were harvested 24 h postinoculation, and viral titers were determined by plaque assay.
RESULTS

SHFV particles rapidly enter target cells.
To determine how quickly SHFV particles enter target cells, we exposed MA-104 cells to virions at an MOI of 50 for 1 h at 4°C to allow particle cell surface adsorption. We then warmed the cells to 37°C for 0, 5, 10, 20, or 40 min and examined the cells through conventional thinsection ultrastructural electron microscopy. Our analysis revealed the formation of electron-dense cell membrane invaginations around viral particles that in appearance were reminiscent of clathrin-coated vesicles (Fig. 1A) . These particles entered cells within the first 5 min after virion adsorption. The majority of virus particles were found to be completely engulfed by the target cells 20 min postinoculation, although a small number of particles were engulfed as late as 40 min. Next, we determined the time frame of the SHFV replication cycle. We incubated MA-104 cells with SHFV particles at an MOI of 0.1, 1, or 5 for 1 h at 37°C; removed the inocula; and incubated the cells for 0, 2, 4, 6, 8, 10, 12, 24, 36, 48, 60, or 72 h in fresh medium. Viral titers in cell supernatants (and throughout the study) were determined by plaque assay, as reporter gene-encoding cDNA clones of SHFV, virionlike particles pseudotyped with SHFV surface proteins, and SHFV-specific antibodies suitable for indirect fluorescence assays (IFA) are yet to be established. For all MOIs, viral titers increased more than 10-to 100-fold over baseline at 8 h, with viral production peaking at 48 to 60 h (Fig. 1B) . These data indicate that SHFV completes its life cycle in as little as 8 h and that interference with SHFV entry mechanisms could be measured before this time point by plaque assay.
SHFV particles enter target cells in a low-pH-dependent manner. To determine the effect of pH on SHFV infectivity, we exposed MA-104 cells to increasing concentrations of ammonium chloride, chloroquine, concanamycin A, or monensin for 30 min. The cells were exposed to SHFV at an MOI of 5 for 1 h and then incubated at 37°C for 20 h for titer measurement. Ammonium chloride and chloroquine, both lysosomotropic weak bases, and monensin, a carbocyclic polyether Na ϩ ionophore that inhibits endosomal acidification by acting as an Na ϩ /H ϩ antiporter (33), reduced SHFV particle production by roughly 10-to 100-fold at concentrations of 12.5 mM, 150 M, and 12 M, respectively. Concanamycin A, a specific inhibitor of vacuolar-type H ϩ -ATPases and thus a strong inhibitor of endosomal acidification (34), reduced SHFV particle production by roughly 5,000-fold at a concentration of only 20 nM ( Fig. 2A to D) . Together, these observations indicate that SHFV uses a pH-dependent and, therefore, most likely an endosomal cell entry pathway.
Next, we performed time-of-addition experiments with chloroquine at a concentration of 150 M. Chloroquine's inhibitory effect on SHFV particle production was maximal when the drug was added to target cells directly after virus adsorption and pro- gressively decreased until it was lost ϳ30 min later (Fig. 2E) . These results further substantiate the rapidity of SHFV particle cell entry observed by electron microscopy (Fig. 1A ) and confirm that virus entry is pH dependent.
SHFV particles enter cells using a clathrin-mediated endocytosis-like pathway. Several pH-dependent endocytic pathways are used by viruses, including dynamin-mediated (usually clathrin-mediated) endocytosis, clathrin-independent endocytosis, macropinocytosis, and caveola-mediated endocytosis (35) .
PRRSV and EAV both enter cells via CME, and our transmission electron microscopy data suggest that SHFV may utilize a similar mechanism (Fig. 1A) . Therefore, prior to SHFV infection, we treated MA-104 cells with increasing concentrations of chemicals known to inhibit CME. Chlorpromazine, suggested to abolish the formation of clathrin-coated endocytic vesicles by interfering with the interaction between the adapter protein AP-2 and the clathrin-coated-pit lattice (36), almost completely inhibited SHFV particle production at a concentration of 50 M (Fig. 3A) . A similar effect was observed with phenylarsine oxide, which inhibits CME at concentrations of 1 to 20 M by interfering with the production of phosphatidylinositol 4-phosphate, the precursor of phosphatidylinositol 4,5-bisphosphate, needed for CME (37) . In this study, phenylarsine oxide inhibited CME at concentrations as low as 1 to 2 M (Fig. 3B) .
Dynamin acts as a mechanochemical enzyme driving membrane fission and as a regulatory GTPase in CME and in clathrinindependent dynamin-dependent endocytosis (38, 39) . Dynasore and Dyngo-4a are both inhibitors of dynamin, and these inhibitors reduced SHFV particle production ( Fig. 3C and D) . Dynasore reduced SHFV titers by more than 10-fold at high (200 M) concentrations, whereas at a concentration of 15 M, Dyngo-4a reduced SHFV titers by almost 10,000-fold. Next, we performed Dyngo-4a time-of-addition experiments to evaluate whether Dyngo-4a acts at an early time point of SHFV infection. We treated MA-104 cells with the drug at different time points after virus adsorption, followed by SHFV progeny quantification by plaque assays. Not surprisingly, a dramatic inhibitory effect of Dyngo-4a on SHFV production was observed when the drug was added immediately after virus adsorption. However, the drug lost most of its inhibitory effect within 30 min (Fig. 3E) . This observation indicated that Dyngo-4a acts within the first 30 min following virus adsorption and, therefore, during the viral entry stage of the SHFV life cycle.
To further substantiate the possible involvement of dynamin in SHFV cell entry, we transfected MA-104 cells with expression plasmids encoding wild-type dynamin-GFP (pEGFP-Dynamin1-WT) or the dominant-negative mutant dynamin-K44A-GFP (pEGFP-Dynamin1-K44A). We sorted the cells 48 h later for GFP expression, infected the sorted cells with SHFV at an MOI of 1, and quantified SHFV production in cell culture supernatants 20 h later by plaque assay. Expression of the dominant-negative mutant Dynamin1-K44A completely abrogated SHFV progeny production (Fig. 3F) . We also hypothesized that clathrin heavy chain is a crucial component of the SHFV cell entry process. We em- ployed CRISPR/Cas9 technology, which is based on the expression of the bacterial RNA-guided DNA endonuclease Cas9, and a targeting single gRNA to direct cleavage of a target gene (40, 41) by following standard protocols (42) . We transfected three gRNAs designed to target the clathrin heavy chain gene into MA-104 cells prior to infection with SHFV. Two gRNAs (gRNA-85 and gRNA-86) reduced clathrin heavy chain expression as judged by Western blotting (Fig. 3G) . SHFV progeny production was impaired in cells pretreated with these RNAs but not in cells pretreated with gRNA-84 or control gRNA (Fig. 3H) , suggesting that clathrin heavy chain plays a role in SHFV cell entry.
Together, the data presented in Fig. 3 suggest that SHFV enters target cells by dynamin-mediated endocytosis, most likely reflecting CME.
To examine the possibility that SHFV enters target cells via macropinocytosis, we treated MA-104 cells with increasing concentrations of compounds known to inhibit this type of endocytosis (i.e., EIPA, blebbistatin, and wortmannin) prior to the addition of virus. EIPA is an Na ϩ /H ϩ antiport inhibitor, blebbistatin lowers the affinity of myosin II for actin and, therefore, inhibits macropinocytosis-characteristic plasma membrane bleb formation (43) , and wortmannin is a covalent inhibitor of phosphatidy- linositide 3-kinases. None of the three compounds had an effect on SHFV particle production, as indicated by plaque assay (Fig.  4A to C, left) . However, the inhibitors had an effect on the percentage of VACV-eGFP-infected cells, as indicated by flow cytometry (Fig. 4A to C, right) . Importantly, VACV-eGFP infection did not appear to be reduced in the presence of these inhibitors when measured by plaque assays (data not shown), demonstrating that plaque assays may not be sensitive enough to detect the effects of macropinocytosis inhibitors. As macropinocytosis is strongly dependent on actin, we treated MA-104 cells with increasing concentrations of cytochalasin B, cytochalasin D, or latrunculin B, potent inhibitors of actin polymerization. To verify that all three compounds inhibited actin polymerization, we stained uninfected, but compound-treated, MA-104 cells with Alexa 594-coupled phalloidin. The three compounds potently disrupted the cellular actin filament network but had little effect on SHFV particle production (Fig. 5A  to C) . Together, these data, and the absence of plasma membrane ruffling or blebbing in SHFV-infected MA-104 cells (Fig.  1A) , suggest that macropinocytosis does not play a major role in SHFV target cell entry.
Next, we used chemicals that inhibit the caveolin pathway to test whether SHFV enters cells via this pathway. Specifically, we treated MA-104 cells with increasing concentrations of the membrane disruptor filipin III and the cholesterol sequestrator nystatin. While both inhibitors decreased the RVFV infection rate, as previously described (44), neither drug had any effect on SHFV particle production, as judged by plaque assay (Fig. 6A to D) . The effect of the inhibitors on RVFV infection was too weak to be detected in plaque assays (data not shown), leaving room for the possibility that the inhibitors do have an effect on SHFV infection that we could not measure.
Treatment of MA-104 cells with the cholesterol-depleting drug methyl-␤-cyclodextrin reduced SHFV titers more than 10-fold, and subsequent addition of exogenous soluble cholesterol restored the titers to untreated-control levels (Fig. 6E) . This observation has also been made for PRRSV and EAV (27, 45) and suggests that SHFV cell entry is dependent on cholesterol, which is known to inhibit both CME and caveolar/raft-mediated pathways (46) . In summary, our data indicate that endocytosis, possibly reflecting a process reminiscent of CME, is the predominant pathway by which SHFV gains entry into MA-104 cells.
Cathepsins L and B do not play a role in SHFV cell entry and replication. Concomitant with endocytosis, some viruses require cathepsin L-and/or B-mediated cleavage of viral surface glycoproteins before, during, or after fusion of the endosome with lysosomes for infectivity (47) (48) (49) (50) (51) . To evaluate whether SHFV entry/ replication is also dependent on cathepsins, we treated MA-104 cells with increasing concentrations of the irreversible cathepsin L and B inhibitor E-64d, the cathepsin L inhibitor FYdmk, or the cathepsin B inhibitor CA-074. Whereas treatment of MA-104 cells with E-64d and FYdmk reduced infection with the nidovirus MERS-CoV, as described previously (49, 51), no effect was observed on SHFV particle production with any of the three compounds (Fig. 7A to C) .
SHFV particles use a proteinaceous cell surface receptor to gain entry into target cells. The known receptors of mammalian viruses are predominantly cell surface proteins. To evaluate whether SHFV particle cell entry is dependent on a cell surface protein, we treated MA-104 cells with increasing concentrations of the four proteases ␣-chymotrypsin, papain, proteinase K, and trypsin prior to SHFV particle exposure. All four proteases reduced SHFV particle production between 50-and 100-fold (Fig.  8A to D) . We also treated MA-104 cells with increasing concentrations of phospholipase A2 or D to test the direct involvement of MA-104 plasma membrane lipids as SHFV receptors. These treatments did not influence SHFV particle production ( Fig. 8E and F) . Together, these results indicate that the SHFV receptor on MA-104 cells is a protein and that SHFV interaction with the receptor does not involve lipids.
CD163 is a crucial SHFV cell entry factor. The protein CD163 is a crucial cell entry factor for the SHFV-related porcine pathogen PRRSV. We therefore hypothesized that grivet CD163 may be involved in SHFV particle entry into MA-104 cells. We incubated SHFV-and PRRSV-permissive MA-104 and MARC-145 cells (a direct subclone of MA-104 cells) with increasing concentrations of a specific anti-human CD163 antibody and, subsequent to washing, infected the cells with SHFV or PRRSV. As previously described (23), antibody treatment reduced PRRSV particle production. Likewise, SHFV particle production decreased by roughly 100-fold in both tested cell lines ( Fig. 9A and B ). These observations indicate that CD163 plays an important role in SHFV particle cell entry.
DISCUSSION
In general, direct fusion of virions with cellular plasma membranes is independent of pH, whereas a low pH is required when virions usurp the cellular endocytosis pathway (52, 53) . Treatments with drugs that disrupt cellular pH inhibited SHFV particle entry in a dose-dependent manner ( Fig. 2A to D) , suggesting a pH-dependent uptake mechanism. As observed for many other viruses (54), a low pH could be necessary for SHFV particles to induce conformational changes of their surface glycoproteins necessary to induce fusion of the virion membrane with the target cell membrane. It is worth noting, however, that pH disruption by lysosomotropic inhibitors, Na ϩ /H ϩ antiporters, or V-type H ϩ -ATPase inhibitors may cause off-target effects, as they can also disrupt virus receptor recycling, inhibit endosome maturation, or neutralize the trans-Golgi network (53, 55) . Therefore, further experiments will have to be performed to further confirm the pH dependency of SHFV cell entry.
Endocytosis can be grossly differentiated into phagocytosis and pinocytosis (52, 53) . Phagocytosis has been observed only in specialized cells engulfing very large particles (56, 57) . As the vast majority of known viruses usurp pinocytic pathways (52, 53) , we assumed that the small spherical virions (40 to 55 nm in diameter) produced by SHFV (8) enter host cells by pinocytosis. Pinocytosis can be divided into subpathways that are dependent on dynamin (clathrin-mediated endocytosis, caveola-mediated endocytosis, and ill-characterized pathways of clathrin-independent dynaminmediated endocytosis) and those that are not dependent on dynamin (variably referred to as macropinocytosis, i.e., via CLIC/ GEEC [58] ; lipid raft-mediated endocytosis; and nonclathrin/ noncaveolar endocytosis) (52, 53, 59) . Our experiments with the dynamin inhibitors dynasore and Dyngo-4a, as well as with a dominant-negative dynamin mutant, suggest that SHFV utilizes a dynamin-mediated pathway (Fig. 3C to F) .
We suspected CME to be the main route of SHFV entry because the arteriviruses PRRSV and EAV both use the pathway (27) (28) (29) and because CME is also a popular mode of entry for many other mammalian viruses (60) (61) (62) (63) . CME typically occurs rapidly, with virions bound to target cell surfaces entering cells within minutes. Furthermore, CME is characterized morphologically by the formation of heavily coated plasma membrane indentations (clathrin-coated pits) and the formation of characteristic clathrin-coated vesicles, both of which can be identified by electron microscopy (53, 64) . We identified subcellular, membrane-proximal structures in SHFV-infected cells via electron microscopy that are consistent with classical descriptions of clathrincoated pits and clathrin-coated vesicles (65) (66) (67) (Fig. 1A) . Membrane blebbing, typical of macropinocytosis, was not observed. Formation of pits and engulfment of SHFV particles occurred within minutes of exposure (Fig. 1A) . Cells pretreated with the bona fide CME inhibitors became resistant to SHFV particle entry, and clathrin heavy chain knockout also inhibited virus infection (Fig. 3A, B, and H) . Together, these data indicate that CME is likely the main pathway used by SHFV to enter MA-104 cells. Our experiments were limited by the facts that only one cell line, MA-104 (and its subclones), is known to be susceptible to SHFV and that the only available SHFV readout assay available is the plaque assay, which is not sensitive enough to measure subtle effects on viral titers.
Several viruses are known to use multiple pathways to infect their target cells, or they use specific, but distinct, pathways in different cell types (reviewed in reference 68). To test the possibility of SHFV using multiple pathways in MA-104 cells, we further investigated macropinocytosis and caveolin-mediated endocytosis.
Macropinocytosis is a transient, actin-dependent cellular process used to internalize fluids and membrane into large vacuoles. Morphologically, macropinocytosis is characterized by ruffling of the cell plasma membrane induced by actin and microfilament activation (52). We did not observe membrane ruffling or blebbing in our electron microscopy studies of SHFV particle entry into MA-104 cells (Fig. 1A) , and cell treatment with blebbistatin, which inhibits bleb formation, did not affect SHFV replication (Fig. 4B) . Although we could demonstrate the disruption of the cellular actin network of MA-104 cells after exposure to several drugs, we could not detect an influence of that disruption on SHFV particle entry (Fig. 5) . Other typical inhibitors of macropinocytosis (EIPA and wortmannin) did not influence SHFV particle entry either (Fig. 4) . While EIPA, blebbistatin, and wortmannin affected VACV-eGFP infection, as described previously (69) , in an optical readout assay (Fig. 4 ), no effect was measurable in VACV-eGFP plaque assays (data not shown). This discrepancy raises the possibility that the three inhibitors may have some effect on SHFV infection and that, because of the lower sensitivity of the plaque assay and the absence of an optical readout assay for SHFV infection, we were unable to detect it. However, together with the observation that SHFV particle entry is dependent on dynamin (Fig. 3) , our data indicate that the macropinocytotic pathway is highly unlikely to be a major gateway for SHFV into MA-104 cells. Our results indicating that SHFV cell entry is independent of actin ( Fig. 5) further supports a CME-like route as the major SHFV cell entry pathway (70) (71) (72) .
Caveola-mediated endocytosis has been identified as the major route of entry for RVFV and other viruses (44, 73) . A hallmark of this pathway is its dependence on caveolin. Treatment of cells with caveola-mediated-endocytosis inhibitors did not influence SHFV particle production (Fig. 6 ), but the inhibitors decreased RVFV entry in an IFA, as previously described (44) , suggesting that this pathway is not used as a major entry pathway by SHFV. However, it is possible that the inhibitors used have some effects on SHFV infection that could not be detected in our plaque assay. Thus, we cannot entirely rule out the caveola pathway as an entry route for SHFV. However, we could not observe caveola-like invaginations in SHFV-infected MA-104 cells (Fig. 1A) , suggesting that the pathway is unlikely to play a major role in SHFV entry. Several exotic endocytic pathways, such as the interleukin 2 (IL-2), GEEC, flotilin, and ARF6 pathways (reviewed in reference 53), were not examined in this study. Although it is unlikely given the data presented here, SHFV could possibly enter cells by means different from CME or by a unique mechanism that incorporates components of several pathways.
Overall, our data suggest that SHFV enters cells in a similar manner to EAV and PRRSV (27) (28) (29) . However, while filipin III completely inhibited EAV at a concentration of 10 M (27), we did not see any effect of the compound on SHFV particle production.
The distribution of arterivirus host cell receptors, and differences among its orthologs, could explain the predilection of arteriviruses for particular cells. Unfortunately, bona fide cell surface receptors have not yet definitely been identified for any arterivirus. However, at least two cell surface factors, the macrophage-restricted sialoadhesin CD169/Sn/Siglec-1 and the more generally distributed CD163, have been implicated in playing major roles in PRRSV cell entry (23, 24) . By using various proteases to strip SHFV target cells of surface proteins, we demonstrated that SHFV is dependent on a cell surface protein for entry (Fig. 8) . We hypothesized that this factor may be CD163. Indeed antibodies against CD163 inhibited both PRRSV and SHFV cell entry (Fig.  9 ), suggesting that CD163 plays similar roles in the entry of both viruses. Future studies will have to address whether CD163 is a true receptor for both viruses, whether other cofactors/coreceptors are involved, and which arterivirion envelope proteins engage the receptor and mediate fusion. In addition, it will be important to confirm the results described here in other cell types, possibly including primary macrophages. To achieve these goals, and to circumvent the limitations of the plaque assay for the quantification of SHFV yields, we are currently working toward the establishment of recombinant reporter viruses and a panel of SHFVspecific antibodies to perform high-content immunofluorescence assays.
